In order to investigate the genetic relationships within Brucella isolated from marine mammals, two genome-based typing methods, variable number of tandem repeats (VNTR) typing and multilocus sequence analysis (MLSA), were applied to a selection of 74 marine mammal isolates. All isolates were examined by VNTR and data were compared with multilocus sequencing data from a subset of 48 of these. Marine mammal brucellae are distinct from classically recognized species by these methods and appear to correspond to three major genetic groups, which reflect distinct preferred hosts. One group contains isolates predominantly found in pinnipeds (seals) and corresponds to the previously proposed species 'Brucella pinnipediae'. However, isolates corresponding to the previously proposed species 'Brucella cetaceae' fall into two distinct groups that appear to have different preferred cetacean hosts (porpoises and dolphins). Furthermore, these two groups appear less closely related to each other than either group is to 'B. pinnipediae' isolates. The groups identified by VNTR typing and MLSA are completely congruent. The relevance of these findings to current proposals to recognize two species of marine mammal Brucella is discussed.
INTRODUCTION
The genus Brucella contains Gram-negative, facultatively intracellular pathogens that can infect many species of animals of economic importance, such as cattle, sheep, goats and pigs . Humans usually become infected through ingestion of unpasteurized dairy products or via occupational activities such as veterinary work, farming and butchery. Whilst animal brucellosis can present few symptoms and infection is often only recognized on abortion, in humans the disease causes flulike symptoms, including recurrent fever, chills, night sweats and nausea, as well as chronic fatigue and depression if the infection is not cleared early.
Brucella can also infect wild animals (Davis, 1990) , and in recent years it has also been isolated from various marine mammal species. In 1994, two reports described the first isolation of Brucella from marine mammals. These strains originated from four common seals (Phoca vitulina), two harbour porpoises (Phocoena phocoena) and a common dolphin (Delphinus delphis) in Scotland (Ross et al., 1994) , and a captive bottlenose dolphin (Tursiops truncatus) in California, USA (Ewalt et al., 1994) . Since these initial isolations, marine mammal Brucella have been isolated from a range of animals, including Atlantic white-sided dolphins (Lagenorhynchus acutus), striped dolphins (Stenella coeuleoalba), grey seals (Halichoerus grypus), hooded seals (Cystophora cristata), European otters (Lutra lutra) (Foster et al., 1996) , Pacific harbour seals (Phoca vitulina richardsi) (Garner et al., 1997) , minke whales (Balaenoptera acutorostrata) (Clavareau et al., 1998) , harp seals (Phoca groenlandica), ringed seals (Phoca hispida) (Forbes et al., 2000) and whitebeaked dolphins (Lagenorhynchus albirostris) (Foster et al., 2002) .
Six Brucella species are currently recognized based on phenotypic traits and host preference: Brucella abortus (bovine), Brucella melitensis (ovine and caprine), Brucella suis (porcine), Brucella ovis (ovine), Brucella canis (canine) and Brucella neotomae (desert wood rat). Observations of very high levels of genetic relatedness within the group based on DNA-DNA hybridization experiments have led to the traditional view of Brucella taxonomy being challenged and to the group being described as monospecific (Verger et al., 1985) . Practical considerations meant that this classification system never found widespread support and recently moves were made to return to the classical species designations (Osterman & Moriyó n, 2006) . However, many molecular methods, including multilocus enzyme electrophoresis (MLEE) (Gandara et al., 2001) , 16S rRNA sequencing (Gee et al., 2004) , and amplified fragment length polymorphism (AFLP) have supported the observation of an unusually high degree of genetic conservation within this group. This has recently been confirmed by multilocus sequencing, in which, as an extreme example, B. canis is separated from some B. suis strains by only one to two base changes in 4396 bp examined (Whatmore et al., 2007) . The results presented in this paper need to be considered in this context of groups with minimal genetic separation being granted species status based on differences in phenotype and host specificity.
While the impact of Brucella infection on marine mammals is unclear, there is increasing interest in these bacteria both as potential animal pathogens and as agents of zoonotic infection of man (Brew et al., 1999; Sohn et al., 2003; McDonald et al., 2006) . Although first identified in 1994, Brucella isolates from marine mammals still have to be formally named, reflecting the ongoing debate about the genetic relationships within this group and how these relationships relate to the proposed species designations (Osterman & Moriyó n, 2006) . It was first suggested that the group should consist of a single new species, 'Brucella maris' (Jahans et al., 1997) , which could be further subdivided into three different biovars. According to this scheme, biovar 1 comprised seal and otter isolates, biovar 2 comprised dolphin and porpoise isolates, while biovar 3 consisted of a single Californian bottlenose dolphin isolate (Ewalt et al., 1994) . Later, Cloeckaert et al. (2001) argued that on the basis of DNA polymorphism at the omp2 locus and the classical criterion of preferential host, two species should be recognized with the suggested names 'Brucella pinnipediae' (seal isolates) and 'Brucella cetaceae' (dolphin and porpoise isolates). The authors noted that these two species groups correspond to the biovar 1 and 2 groupings described by Jahans et al. (1997) . However, they proposed that the biovar 3 isolate represented a serotype rather than a third biovar, although they did not examine this isolate in their study. Later, a study from the same group, based on infrequent restriction site PCR (IRS-PCR), was reported to support their proposed classification (Cloeckaert et al., 2003) .
In the following study, we aim to clarify genetic relationships within the marine mammal Brucella by applying two recently developed multilocus typing techniques, namely variable number of tandem repeats (VNTR) typing and multilocus sequencing, to a large collection of isolates obtained from a variety of marine mammal species. Genetic relationships within the group are examined in relation to mammalian host of origin and the implications of these findings to the ongoing taxonomic debate surrounding these isolates are discussed.
METHODS
Isolates and template preparation. All 74 isolates examined in this study were cultured at 37 uC with 10 % CO 2 in Brodie and Sinton's broth, then subcultured onto serum dextrose agar for up to a month. The template for molecular assays consisted of either DNA prepared by classical phenol/chloroform extraction or methanol extracts prepared as described previously . Information describing the geographical origin of isolates and the mammalian host of origin is provided in Fig. 3 .
Multilocus sequencing. Multilocus sequence analysis (MLSA) examining nine distinct genetic fragments was carried out as previously outlined by Whatmore et al. (2007) in a paper that describes the development of the multilocus sequencing scheme. Many of the profiles were originally mentioned in that paper, but these and additional isolates are examined in greater depth here in the context of relationships within the marine mammal Brucella and to provide a comparison with clustering obtained by VNTR-based approaches. This analysis includes 43 of the 45 strains originally described (the remaining two have not been examined by VNTR typing and were therefore excluded) and five additional isolates not described in Whatmore et al. (2007) .
VNTR typing. A VNTR typing scheme that indexes diversity at 21 distinct loci was applied to all 74 isolates examined in this study, and was performed as described previously, with minor modifications to some primer concentrations (Whatmore et al., 2006) . The raw VNTR data are available in Supplementary Table S1 . Thirteen of the 74 isolates tested by VNTR showed a mixed profile at one or more loci previously shown to have a high diversity index (Whatmore et al., 2006) . All but one of these mixed profiles represented a single step change in the number of repeats. The duplicates are labelled a, b, etc., in Supplementary Table S1 , and only one profile from each strain (that labelled a) was included in Fig. 3 . As the changes are very minor, all variant profiles from a single strain cluster closely together, and thus the inclusion of only a single variant does not alter the overall conclusions.
Relationships with Brucella species isolated from terrestrial mammals based on VNTR profiles were determined by using the neighbourjoining tree algorithm in the PAUP4.0 beta version (Sinauer Associates), as described previously (Whatmore et al., 2006) . A tree previously constructed on the basis of 105 isolates representing all terrestrial species and biovars (Whatmore et al., 2006) was reconstructed with the addition of 10 marine mammal strains to examine the relationship of these isolates to other Brucella species. The relationships among all 74 marine mammal isolates were examined by cluster analysis using the categorical coefficient (tolerance50, no fuzzy logic) and UPGMA implemented in BioNumerics version 4.60 (Applied Maths). The categorical coefficient treats each different value as a different state, implying that character sets are unordered: the same weight is therefore given to large or small numbers of differences.
RESULTS AND DISCUSSION

Multilocus sequencing
We recently published a multilocus sequencing scheme that examined the sequences of nine independent fragments of the Brucella genome (Whatmore et al., 2007) . Based on examination of 45 marine mammal isolates in conjunction with 115 isolates representing all known Brucella species and biovars, the marine mammal isolates were found to constitute a distinct genetic cluster consisting of five sequence types (STs) labelled ST23 to ST27. This analysis supported the view that marine mammal strains constitute one or more novel species within the genus Brucella. The relationships between the five STs and the species of marine mammal from which the corresponding isolates originated are detailed in Table 1 . ST24 and ST25 are the most closely related STs among the marine strains of Brucella, differing by one nucleotide polymorphism only (see Fig. 1 ). Both these STs appear to be predominantly associated with seals (84 % of isolates). Isolates belonging to ST23 and ST26 are more distantly related to the sealassociated ST24 and ST25, and also display distinct apparent preferred hosts. Thus, ST26 was isolated from dolphin species only, while ST23 was predominantly associated with porpoises (74 % of isolates). The remaining ST, ST27, was only isolated once and although this isolate was obtained from a bottlenose dolphin, it appeared to be more closely related to the seal STs than to those associated with porpoises and dolphins (two or three changes relative to seal STs as opposed to four or five changes relative to dolphin and porpoise STs; see Fig. 1 ).
VNTR: relationship to existing Brucella species
A VNTR scheme examining 21 markers with repeat units of 5 bp or more was applied to all 74 Brucella isolates obtained from marine mammals. This scheme includes markers with a range of apparent evolutionary speeds and thus has been shown to be useful both in providing a phylogenetic signal and in allowing local epidemiological traceback (Whatmore et al., 2006) . Fig. 2 shows the relationship of 10 marine mammal isolates to 105 isolates originally included in the study of Whatmore et al. (2006) and representing all known classical Brucella species and biovars. The marine mammal strains fall into three groups clearly distinct from previously described groups of Brucella isolated from terrestrial mammals. These three groups correspond to the major groups already described by MLSA. These findings are consistent with VNTR analysis performed using an alternative scheme (Le Fleche et al., 2006) in which three marine mammal strains were included in a maximum-parsimony analysis using 71 markers. This analysis also suggested that there are three distinct genetic groups of marine mammal Brucella, one corresponding to 'B. pinnipediae' (seals) and two groups corresponding to 'B. cetaceae' (dolphins and porpoises).
VNTR: relationships among Brucella isolates from marine mammals
In order to examine genetic relationships within the group, a dendrogram was constructed based on VNTR profiles for all 74 isolates examined in this study (Fig. 3) . The MLSA results for the 48 isolates upon which this method was performed are superimposed on this figure. Three major and well-separated groups, congruent with those identified by MLSA, were identified by VNTR typing. The first of these groups (cluster A), consisting of 17 isolates obtained exclusively from dolphin species, corresponded to ST26. The second (cluster B) consisted of 37 isolates, 73 % of which were isolated from porpoises. This group was congruent with ST23. The third major group (cluster C) contained 20 isolates, 80 % of which were isolated from various seal species. This group fell into three subclusters (subclusters C1-C3). Two of these subclusters corresponded to ST24 (subcluster C1) and ST25 (subcluster C2), 
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while the third consisted of ST27 and isolates of ST25 obtained from hooded seals (subcluster C3). It is notable that one of the cetacean groups (corresponding to ST23/ cluster B) appeared more closely related to the pinniped cluster (corresponding to ST24 and ST25/cluster C) than to the second cetacean cluster (ST26/cluster A). This is absolutely consistent with multilocus sequencing, in which ST23 differs from ST24 and ST25 by four and three single nucleotide polymorphisms (SNPs), respectively, and from ST26 by five SNPs.
To summarize, this analysis confirms that there are three major genetic groups in the Brucella population examined and facilitates understanding of the genetic structure of the group in relation to previously suggested taxonomic groupings. The clusters generally correspond to isolation from a predominant host group; thus one group, containing mainly seal isolates, corresponds to isolates previously described as 'B. pinnipediae'. However, isolates previously described as the 'B. cetaceae' group fall into two very distinct genetic clusters that correspond to isolates exclusively seen in dolphins and a group that is strongly associated with porpoises. The MLSA results superimposed onto the VNTR-based analysis show that groupings based on this approach are entirely congruent with those described by VNTR typing. Thus, the closely related ST24 and ST25 correspond to the seal group, while ST23 and ST26 correspond to the porpoise and dolphin groups, respectively. The isolate representing the remaining ST, ST27, appears rather distinct from any of these three groups, particularly by MLSA. The isolate representing this ST corresponds to the bottlenose dolphin isolate identified Fig. 2 . Neighbour-joining reconstruction of relationships among 105 isolates representing all terrestrial Brucella species and 10 marine mammal Brucella isolates. Strain identities of the 105 isolates are as previously presented in Whatmore et al. (2006) , while the identities of the marine mammal strains are included in Supplementary Table S1 . In the case of UK isolates the year represents the year of isolation, while for overseas isolates it represents the year of receipt at the VLA. Clusters and subclusters are annotated as described in the text.
by Ewalt et al. (1994) and identified as 'B. maris' biovar 3 by Jahans et al. (1997) . As we have only identified one isolate of this ST in marine mammals, it may be less common or absent in European waters, and identification of the true host range of this ST requires further isolations from the Pacific regions. Interestingly, the only other isolate of ST27 reported to date is from a human infection in New Zealand (McDonald et al., 2006) , indicating that further study to identify the natural host and zoonotic potential of this ST would be valuable.
Implications for Brucella classification
Based on data presented here the subdivision of marine mammal isolates into multiple species could be justified on genetic grounds, despite their overall rather close relationship. There is clearly precedent for this in Brucella taxonomy. The STs representing the three major groups of marine Brucella strains are markedly less closely related to each other than some B. suis isolates and B. canis are to one another (Whatmore et al., 2007) , yet these organisms are recognized as separate species due to the difference in host preference. However, the classification of the group into two species, 'B. pinnipediae' and 'B. cetaceae', appears inconsistent with the genetic relationships observed within the group in this study. The 'B. pinnipediae' group, consisting of isolates predominantly from seals, appears to be a valid genetic group. However, the isolates proposed as 'B. cetaceae' clearly consist of two well-separated genetic groups on the basis of both MLSA and VNTR. Moreover, these two groups appear less closely related to each other than either is to the 'B. pinnipediae' group (Fig. 1) . We have further confirmed this by sequencing fragments of eight additional housekeeping genes from all isolates. The results of this further analysis are absolutely consistent with that based on the nine-locus MLSA in upholding the genetic relationships described here (data not shown). Furthermore, the two cetacean groups also fulfil one of the classical criteria for identification of Brucella species in that the data presented here suggest that they have different preferred hosts. Based on the data presented here, and given the apparent inconsistency with the proposed two species ('B. pinnipediae' and 'B. cetaceae'), there appear to be two possible alternative scenarios for classifying the marine mammal Brucella. The first would be the identification of a single marine mammal Brucella species that could then be further subdivided, perhaps into 'ecotypes', corresponding to the groups described here. The second would be the assignment of the cetacean isolates into two species according to host preference and genetic relationships, rather than into a single species ('B. cetaceae') as has been suggested, resulting in the identification of three species of Brucella isolated from marine mammals.
Although this division into three genetic groups with distinct host preferences was not noted by previous workers who suggested the division into 'B. pinnipediae' and 'B. cetaceae', this may reflect the small number of strains examined in these studies and the fact that the methods used do not give a direct measure of the genetic relationships between groups (Cloeckaert et al., 2001 (Cloeckaert et al., , 2003 . Indeed, by specific PCRs based on IRS-PCR, three distinct genetic groups that correspond to the three identified in this study have been reported (Cloeckaert et al., 2003) , although the distinct host preferences apparent in our study were not observed, as only four dolphin isolates corresponding to our ST26 were included in the study. Review of the literature shows that the division into three groups is supported by additional molecular methods. Jensen et al. (1999) showed using PFGE that dolphin isolates can be discriminated from both seal and porpoise isolates. Furthermore, the porpoise and seal groups appear more closely related to each other than they are to the dolphin group, as noted in this study. Physical mapping studies are also reported to divide the marine mammal Brucella into the same three groups, whereby seal and porpoise isolates are more closely related to each other than to dolphin isolates (Boschiroli et al., 2001; Bourg et al., 2007) .
Summary
It is widely acknowledged that marine mammal Brucella form a group separate from classically recognized Brucella, as first demonstrated by Ross et al. (1994) and Ewalt et al. (1994) . This is supported by both MLSA-and VNTR-based typing. It is clear from this study, and from others discussed above, that at least three major groups of marine mammal Brucella can be defined by molecular approaches. The relevance of this to taxonomy and species definition needs to be discussed. While taxonomy is not driven by genotype alone, it should ideally reflect both genetic and phenotypic divisions, and the division into two potential species ('B. pinnipediae' and 'B. cetaceae') appears inconsistent with the genetic relationships observed in this study. Following such a scheme, some isolates of 'B. cetaceae' would be more closely related to 'B. pinnipediae' than to other isolates of 'B. cetaceae'. The data presented here appear more compatible with proposals outlined by Corbel & Banai (2005) in the latest Bergey's Manual of Systematic Bacteriology, in which the possibility of identification of three novel species, 'Brucella phocae' (seals), 'Brucella phoecoenae' (porpoises) and 'Brucella delphini' (dolphins), was raised.
